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An evaluation of the potential shale gas play and geological carbon dioxide

(CO2) storage from the Triassic Huai Hin Lat Formation in Thailand was

performed based on field observations and mineralogical and geochemical

data. This study was mainly focused on mudstone samples in some parts of the

Huai Hin Lat Formation. The samples can be divided into three groups based on

their mineral compositions as follows: coaly mudstone, carbonate-siliceous

mudstone, and carbonate mudstone. The brittleness index based on their

mineral compositions indicates that the samples show ultra-high carbonate

and quartz contents, which suggests a good hydraulic fracture candidate. Total

organic carbon and extractable organic matter of the samples represents poor

to excellent generation potential for hydrocarbon source rock with type III

kerogen. The depositional environment shows that the Huai Hin Lat Formation

occurs in anoxic to suboxic conditions in an aquatic depositional environment.

The formation is suitable for geological CO2 storage, which may reduce CO2

during petroleum production and increase the production rate. Consequently,

results from this study are useful for unconventional shale reservoir exploration

and carbon storage technology in Thailand and adjacent countries.
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1 Introduction

Organic-rich shales and mudstones have been extensively studied due to their

significant potential as unconventional and conventional petroleum resources (Curtis,

2002; Brindle et al., 2015; Zeng et al., 2015; Li et al., 2018; He et al., 2021; Yang et al., 2021;

Zhao et al., 2021; Hazra et al., 2022). Currently, advanced technology developments, such

as horizon drilling and hydraulic fracturing, have unlocked the ability to access

unconventional shale gas and shale oil resources. These unconventional shale
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reservoirs can store carbon dioxide (CO2) within fractures and

pores after the hydraulic fracturing process. In addition, CO2 can

be absorbed by organic matter and clay minerals within organic-

rich shale formations. Carbon capture and storage (CCS)

technology has been developed as petroleum exploration and

production technology has progressed because CCS technology

involves many of the same technologies as the petroleum

exploration and production industry (Metz et al., 2005). With

the successful exploration and development of shale gas in the

United States, the global petroleum industry has increased its

trends to increase the exploration activities in unconventional

shale gas and shale oil basins and this has included carbon storage

studies in these shale basins (e.g., Brindle et al., 2015; Pranesh,

2018). However, shales and mudstones usually contain a wide

variety of bedding styles and materials derived from different

sources. Compared with the United States, the Southeast Asian

region is lagging in the exploration and development of shale gas

and geological CO2 storage in unconventional shale reservoirs.

Shale gas basins in Thailand and adjacent regions are

controlled by several factors such as the effective thickness of

organic-rich shales, total organic carbon (TOC), organic matter

maturity and brittle mineral content. Triassic Huai Hin Lat

organic-rich shale is one of the main petroleum source rocks

in the Khorat Plateau and widely occurs in the plateau and

adjacent areas (Sattayarak et al., 1989; Racey, 2011). However,

petroleum exploration wells penetrating into the Huai Hin Lat

shales are limited in the Khorat Plateau due to the very thick

overburden rock (Racey, 2011). Thus, sedimentary basin

developments and geochemical characteristics of different

lithofacies within the Huai Hin Lat shale have not been

systematically explained. This study combines field

observations with mineralogical and geochemical data to

ascertain the mineralogical compositions, geochemical

characteristics, and depositional environments of mudstones

from certain parts of the Huai Hin Lat Formation. These new

insights will be useful in promoting the exploration and efficient

development of the next stage of shale gas and geological CO2

storage in Thailand and similar areas.

2 Geological setting

The study area is located at the western margin of the Khorat

Plateau, Thailand (Figure 1). The plateau rifted from the

FIGURE 1
(A)Map showing the study locations in Phetchabun Province, central Thailand. (B) Geological map of the study area showing locations A and B
situated in the Huai Hin Lat Formation.
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northern margin of Gondwana in the Late Devonian and has

drifted as continental blocks since then (Barber et al., 2011;

Metcalfe, 2011; Morley, 2012; Morley et al., 2013; Choong et al.,

2022). The two continental blocks, Indochina and South China,

formed the Khorat Plateau after they drifted over the

Palaeotethys Ocean and then started to collide in the Late

Permian (Hutchison, 1989; Metcalfe, 1996). In the Early to

Middle Triassic, another continental block named Sibumasu

started to collide with Indochina forming the Nan-Uttaradit

Suture at the western margin of the Khorat Plateau (Figure 1).

During this collision, Permian carbonates and clastics of the

Saraburi Group were deposited in a deep to shallow marine

environment. The Permian carbonates are the main proven

petroleum reservoirs in the region. The collision event was

followed by a Late Triassic tectonic extension, which created

half-graben basins, where the non-marine sequences were

deposited as the Huai Hin Lat Formation (Figure 2; Cooper

et al., 1989; Sattayarak et al., 1989; Drumm et al., 1993; Booth and

Sattayarak, 2011; Phujareanchaiwon et al., 2021). The

depositional environment of the Huai Hin Lat Formation is

broadly interpreted to be fluvio-lacustrine sediments of the

Late Triassic (Norian) age based on the Estheria fauna, spores,

and pollen (Chonglakmani and Sattayarak, 1978;

Phujareanchaiwon et al., 2021; Chitnarin et al., 2022).

Additionally, the Huai Hin Lat Formation was covered by

thick non-marine Mesozoic sequences in the Khorat Plateau

(Figure 1).

During the Late Cretaceous to the present, several tectonic

deformations in the Khorat Plateau affected the Huai Hin Lat

rocks and the petroleum systems in the region including regional

FIGURE 2
Stratigraphy of the Khorat Plateau including petroleum system elements and key events (modified from Racey, 2011).
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uplift, strike–slip faults, regional erosions, thrusts, and folds

(Cooper et al., 1989; Bunopas and Vella, 1992; Mouret et al.,

1993; El Tabakh et al., 1999; Morley, 2012). Consequently, the

Huai Hin Lat Formation is only exposed along the western

margin of the Khorat Plateau. The exposed Huai Hin Lat

Formation is divided into two basins, the Na Pho Song and

Sap Phlu Basins, which are located in the northwest and

southwest of the Khorat Plateau, respectively (Arsairai et al.,

2016). The Sap Phlu Basin is a small basin, while the Na Pho Song

Basin is a larger basin and is being investigated for hydrocarbon

accumulation. Hydrocarbon peak generation from the organic-

rich shales of the Huai Hin Lat Formation is believed to have

occurred in the Late Triassic (Kozar et al., 1992).

The Huai Hin Lat Formation is divided into two major units,

the lower and upper sequences, which contain five members

(Figure 2; Chonglakmani and Sattayarak, 1978). The lower

sequence consists of the Pho Hai (PoH) Member and the Sam

Khaen (SK) Member. The upper sequence is comprised of the

Dat Fa (DF) Member, the Phu Hi (PuH) Member, and the I Mo

(IM) Member. The Pho Hai Member mainly consists of volcanic

rocks and some interlayers of sandstone and conglomerate. The

Sam Khaen Member contains predominantly conglomerate with

some intercalations of limestone beds and is normally found

interfingered with sandstone and shale. The Dat Fa Member is

comprised of calcareous, carbonaceous shale, and argillaceous

limestone with fossils. Overlying the Dat Fa Member, the Phu Hi

Member is characterized by sandstone, shale, and argillaceous

limestone with some conglomerate. The I Mo Member is only

exposed in some areas and consists of volcanic rocks interbedded

with shale, sandstone, and limestone.

Field observations and sample collection were performed in

two outcrops exposed at the top of a hill in the Na Pho Song Basin

(Figure 1). The first outcrop (location A) is exposed along

Highway 2216 in Phetchabun Province and mainly consists of

silisiclastic rocks (Figure 1). The second outcrop (location B) is

also located in the Phetchabun Province, about 7 km north of the

first outcrop, and mainly consists of carbonate mudstones

(Figure 1). The two outcrops belong to the Dat Fa Member

based on the lithology description from Chonglakmani and

Sattayarak (1978).

3 Materials and methods

A lithostratigraphic study was examined from the outcrops

and hand-picked rock samples were collected to analyze the

geochemical characteristics. Location A yielded a well exposed

and continuous outcrop of the various lithologies. The measured

section at location A was tracked through the roadside and

comprises a thick (5–7 m) dark-colored mudstone interval that

probably indicates organic-rich strata. The lithology from this

location consists of sandstone, coaly mudstone, carbonate

mudstone, and carbonate-siliceous mudstone (Figures 3A,B and

Figure 4). Plant fragments and fossils were observed from the coaly

mudstone strata. The carbonate mudstone from location A

contains ostracods, which could be seen in hand specimens.

Stromatolites were also observed in some carbonate mudstone

strata at location A. Location B is located within a tourist attraction

area in the Phetchabun Geopark called Grand Canyon Nam Nao.

The section is well exposed along the cliff, which makes it difficult

to complete the stratigraphic study (Figure 4). The lithology from

location B mainly consists of carbonate mudstones with abundant

stromatolites (Figures 3C,4). Minor thin sandstone and siltstone

beds can be observed from this location. Seven rock samples were

collected including four samples from location A and three

samples from location B (Figure 4). These samples were

collected by digging approximately 0.10 and 0.30 m into the

outcrop to avoid the weathered parts of the samples. The

remaining weathered parts were removed before crushing the

samples into pieces with a hammer and a jaw-crusher. Then,

the samples were ground into powder with a cleaned disc mill

grinder with baked quartz sands. The glassware containing the

samples and the ball mill were cleaned with dichloromethane

(DCM) to ensure that all contaminants were removed.

FIGURE 3
(A) Sandstone and coaly mudstone outcrop from location A. (B) Carbonate mudstone outcrop from location A. (C) Carbonate mudstone
outcrop from location B.
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The sample powders (10 g each) were dried at 60 °C for 3 h.

Then, they are analyzed for major oxides (i.e., SiO2, Al2O3, total-

Fe2O3, K2O, Na2O, MgO, CaO, MnO, TiO2, and P2O5) using a

Bruker AXS S4 Pioneer X-ray fluorescence (XRF) spectrometer at

the Department of Geology, Chulalongkorn University,

Thailand. This XRF analysis was operated at 60 kV/50 mA.

The precession level of major oxide data was better than

0.01%. X-ray diffraction (XRD) analysis was performed at the

FIGURE 4
Detailed stratigraphic column of the Huai Hin Lat outcrops from locations A and B.
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same location using a Bruker AXS D8 advanced diffractometer

equipped with a copper-target tube and operated at 40 kV and

30 mA. The sample powders were scanned from 5 to 70 ° 2θ with
increments of 0.02 °. The semi-quantitative XRD analysis was

based on X-ray powder diffraction and the minerals in the ICDD

database were incorporated into the Bruker EVA® software. The
first step was mineral identification, followed by manual scaling

of the peaks of each mineral to provide the best fit to the observed

XRD diffractogram. The percentage of minerals was converted

from an area computation where there is a unique peak in the

interval as determined using the Bruker EVA® software. The

computation area is performed between two points (entry points)

of the peak, which informs the position of the peak maximum

and the net area of the peak.

The sample powders (100 g each) were analyzed for TOC

contents by the SHIMADZU TOC analyzer using the solid

sample module (SSM-5000A). The TOC measurement was

conducted by Core Laboratories, Houston, United States.

Inorganic carbon was removed by using hydrochloric acid

(HCl) prior to the analysis. The TOC content was reported in

the weight percent of organic carbon (wt%). In this study, the

hydrocarbon potential source rock was assessed using TOC

contents and was used to confirm the depositional

environments of the samples.

The sample powders (50 g each) were analyzed by rock-Eval

pyrolysis to measure the contents of free volatile/light

hydrocarbons (S1) and hydrocarbon cracking from kerogen or

remaining hydrocarbon potential (S2); additionally, the oxygen

index (OI), hydrogen index (HI), and maximum temperature

(Tmax) were measured using Rock-Eval 6 at Core Laboratories,

Houston, United States. The samples were pyrolyzed in an inert

atmosphere and further residual carbon was burned off in an

oxidation oven. A Flame Ionization Detector (FID) was used for

detection of released hydrocarbon during pyrolysis and on-line

infrared detection was used to measure released CO and CO2.

Pyrolysis was conducted at a temperature range of 300 °C–650 °C

at a rate of 25 °C/min. Oxidation started at 300 °C and was

followed by an increase of temperature up to 750 °C with a

temperature gradient of 25 °C/min to burn off all residual carbon.

Bitumen is composed of complex hydrocarbons and can be

extracted by organic solvents with a solid-liquid extraction

technique (Tissot and Welte, 1984; Sachse et al., 2011).

Bitumen extraction or extractable organic matter (EOM) is

extracted from 50 g of the powdered samples using a Soxhlet

apparatus for 48 h and amixture of dichloromethane (DCM) and

methanol (CH3OH) (93:7). After the extraction process was

complete, the concentration of the solution was fractionated

into saturated hydrocarbons, aromatic hydrocarbons, and

resin by column chromatography on a silica gel. The results

were recorded in parts per million (ppm). The chromatography

column (50 × 2.5 cm) was cleaned using acetone and

dichloromethane and then a packed silica gel of 40–370 mesh

was activated for 24 h at 120 °C and capped with aluminum foil.

Then, hexane was used to extract aliphatic hydrocarbon from the

total hydrocarbons. A mixture of dichloromethane and hexane

(7:3) was used to extract aromatic hydrocarbon. Resin was

extracted using methyl alcohol. Only saturated hydrocarbon

fractions or aliphatic hydrocarbon fractions were analyzed in

this study.

The saturated hydrocarbon fractions of all samples were

dissolved in hexanes and analyzed using Gas

Chromatography-Mass Spectrometry (GC-MS) at the

Scientific and Technological Research Equipment Centre

(STREC), Chulalongkorn University, Thailand. The GC-MS

analysis was performed on an Agilent 7000C GC/MS Triple

Quad with a gas chromatograph attached directly to the ion

source (70 eV ionization voltage, 100 mA filament emission

current, 280 °C inlet temperature). The GC-MS temperature

was programmed to start at 80 °C, increase to 310 °C at a rate

of 4 °C/min, and was held at 310°C for 30 min. Chromatograms

were acquired during scanning, which had a 35–700 molecular

weight and were selected-ion-monitored (SIM) for compound

identification and integration.

4 Results

4.1 Major mineral composition

Table 1 shows the detailed mineral compositions from XRD

data for the samples. The mineral components are dominated by

dolomite (0–63.24 wt%, average 37.32 wt%) and quartz

(1.67–70.13 wt%, average 22.33 wt%) followed by feldspar

(albite) (0–37.26 wt%, average 22.18 wt%). The calcite content

ranged from 0 to 31.27 wt% and averaged 9.32 wt%. Pyrite was

only detected from coaly mudstone samples and ranged from

4.57 to 14.09 wt%.

To classify the rock types and brittle index, this study used a

ternary diagram from Glaser et al. (2014). The ternary diagram

was used to plot the mineral composition of the collected

samples, where the total contents of quartz, feldspar, and mica

(QFM), of calcite, dolomite, ankerite, siderite, and magnesite

(Carbonates), and of kaolinite, illite, chlorite, and

montmorillonite (Clays) were equal to 100%. The results show

that Huai Hin Lat mudstones from both locations, A and B, are

relatively rich in carbonate minerals and very poor in clay

minerals (Figure 5A). The mudstone samples from Highway

2216 (location A) were divided into carbonate-rich siliceous

mudstone and carbonate-dominated lithotype (Figure 5A),

while the mudstone samples from Grand Canyon Nam Nao

(location B) were classified as silica-rich carbonate mudstone

(Figure 5A). Coaly mudstones from location A were classified as

clay-rich siliceous mudstone in the diagram (Figure 5A).

The mineral composition from the ternary diagram in

Figure 5B can be used to evaluate the mineral-based

brittleness index (MBI). The mineral composition is a result
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of the burial diagenesis and is useful for hydraulic fracturing due

to the existence of brittle minerals. The ternary diagram divides

the mineral compositions from the samples into three major

categories: clay dominated (kaolinite, illite, chlorite, and

montmorillonite), silicate dominated (quartz, feldspar, and

pyrite) and carbonate dominated (calcite and dolomite)

(Figure 5B). As shown in the diagram, the samples were

mainly classified into two groups as follows: brittle-mineral-

rich mudstones and clay-rich mudstones (Figure 5B). Quartz,

feldspar, pyrite calcite, and dolomite are the main brittle minerals

TABLE 1 Mineral assemblages of the rock samples from the Huai Hin Lat Formation.

Sample no. A1 A2 A3 A4 B1 B2 B3

Classification Carbonate
mudstone

Carbonate-
siliceous
mudstone

Coaly
mudstone

Coaly
mudstone

Carbonate
mudstone

Carbonate
mudstone

Carbonate
mudstone

Quartz 5.49 12.53 70.13 56.95 3.66 1.67 5.85

Dolomite 63.24 41.80 - - 52.01 57.37 46.82

Calcite 31.27 - - - 7.59 7.88 18.52

Albite - 37.26 - - 35.90 31.85 28.04

Illite - 0.88 8.71 8.79 0.84 1.23 0.77

Pyrite - - 4.57 14.09 - - -

Chalcopyrite - 7.52 - - - - -

Montmorillonite - - - 14.38 - - -

Lignite - - - 0.39 - - -

Graphite - - - 0.74 - - -

Chlorite - - 16.59 4.67 - - -

Total 100.00 100.00 100.00 100.00 100.00 100.00 100.00

FIGURE 5
(A) Lithotype classification based on the ternary diagram of mineralogical composition from samples in the Huai Hin Lat Formation (modified
after Glaser et al., 2014). (B)Mineral ternary plot comparing the Huai Hin Lat mudstones with American analogues (modified after Brindle et al., 2015).
Most samples lie outside either formation but the coaly mudstones are more comparable with the Barnett formation than the Eagle Ford. The red
rectangle, green rectangle, and blue rectangle represent the samples from location A, while the red dot denotes the samples from location B.
Note that QFM refers to quartz, feldspar, and mica and QFP refers to quartz, feldspar, and pyrite.
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in the samples, while the others are plastic minerals. The plastic

minerals play a dominant role in coaly mudstones, which

indicates that the coaly mudstones in the study area are easy

to transform. The other rock samples are suitable for hydraulic

fracturing based on their MBI. In addition, Figure 5B shows a

comparison between the studied samples and two analogues

from the United States as follows: the Eagle Ford and Barnett

Formations. The coaly mudstones lie inside the Barnett

Formation, while the others are not matched with the two

formations.

4.2 Major element geochemistry

Significant variations can be observed in the major element

concentrations in the samples (Table 2). SiO2 concentrations in

the samples varied from 13.91 to 45.88 wt% with an average of

38.48 wt%. Wide variations was also observed in Al2O3

(5.32–20.45 wt%), CaO (0.24–60.26 wt%), MgO (0.91–12.19 wt

%), and K2O content (1.03–3.26 wt%) with an averages of

13.36 wt%, 21.00 wt%, 5.98 wt%, and 2.54 wt%, respectively.

The TFe2O3 (total iron) concentrations in the samples varied

from 4.68 to 17.36 wt% with an average of 7.95 wt%. An

anomalous high TFe2O3 content (17.36) in sample A4 may be

due to pyrite occurrence (Table 1). Sodium (Na) concentrations

are low in coaly mudstone samples compared to carbonate

mudstones and carbonate-siliceous mudstones (Table 2).

The Na contents in carbonate mudstones and carbonate-

siliceous mudstones reflect the presence of plagioclase (albite)

(Tables 1,2).

The most abundant elements are silicon (Si), aluminum (Al),

calcium (Ca), iron (Fe), and magnesium (Mg) (Table 2). Silicon is

mainly associated with quartz and clay minerals in fine-grained

sediments (Fu et al., 2010a; Fu et al., 2010b; Zeng et al., 2015).

Thus, the Si/(Si + Al + Fe) ratio can be used to indicate the

terrigenous provenance distance in which the ratio decreases

with the increasing distance (Li et al., 2018). The Si/(Si + Al + Fe)

ratio of the samples varies from 0.54 to 0.71 with an average of

0.64 (Table 2), and indicates that the samples were deposited near

terrigenous provenance.

4.3 Quantity of organic matter (organic
carbon richness)

TOC analysis was performed to provide information on the

quantity of organic matter in the rock samples. The studied

samples have a high average TOC content at 5.91 wt%, which

ranges from 0.91 to 20.17 wt% (Table 3). The highest TOC

content appears in the coaly mudstone samples, whereas the

carbonate-siliceous mudstone has the lowest TOC value of

0.91 wt% in sample A2 (Table 3). The results indicate that

TOC generally exceeds the kerogen threshold of 0.2 wt% for

carbonate rock and 0.5 wt% for shale necessary for the

TABLE 2 Major element data of the rock samples from the Huai Hin Lat Formation.

Sample no. A1 A2 A3 A4 B1 B2 B3

Classification Carbonate
mudstone

Carbonate-
siliceous
mudstone

Coaly
mudstone

Coaly
mudstone

Carbonate
mudstone

Carbonate
mudstone

Carbonate
mudstone

SiO2 13.91 44.89 45.05 37.22 45.88 42.69 39.70

Al2O3 5.32 12.73 20.45 14.97 14.10 14.55 11.37

TFe2O3 4.68 6.01 7.57 17.36 5.47 6.79 7.79

CaO 60.26 20.93 0.24 0.30 19.00 20.53 25.76

MgO 12.19 7.02 0.91 2.73 5.92 6.57 6.53

K2O 1.03 3.02 2.53 2.15 3.26 3.10 2.72

Na2O 0.31 4.27 0.56 0.14 5.11 4.49 4.20

SO3 0.83 0.05 21.35 24.22 0.11 0.07 0.90

TiO2 0.20 0.62 0.78 0.50 0.62 0.60 0.52

SrO 0.72 0.17 0.13 0.06 0.18 0.19 0.22

P2O5 0.12 0.10 0.15 0.00 0.12 0.15 0.08

MnO 0.32 0.11 - - 0.14 0.19 0.12

Total 99.88 99.91 99.72 99.65 99.90 99.92 99.91
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generation of hydrocarbon (Tissot and Welte, 1984; Hunt,

1995). The TOC contents from all samples suggest that

samples are good to excellent petroleum source rocks based

on Peters and Cassa (1994). The EOM contents of the coaly

mudstone samples are significantly high and in the range of

2,939–4,127 ppm (Table 3). Other samples from both studied

locations have similar values in the range of 100–200 ppm

(Tables 3). All samples from both locations have poor to

excellent generation potential for petroleum source rocks

(Figure 6A; Tissot and Welte, 1984).

The cross-plot between TOC and EOM indicates that the

hydrocarbon generation potential is poor in the carbonate

mudstone samples, while the coaly mudstone has excellent

hydrocarbon generation potential (Figure 6A). It should be

noted that TOC and EOM contents can only be used to

determine the amount of organic matter in sedimentary rock.

TOC and EOM contents cannot be used to determine the types

and origins of organic matter, and doing so may cause

misinterpretation of the hydrocarbon potential of the samples.

Thus, other parameters from pyrolysis analysis were used to

TABLE 3 Total organic carbon (TOC), extractable organic matter (EOM), and rock-Eval pyrolysis results of the samples from the Huai Hin Lat Formation. Note:
S1 = free hydrocarbon from the rock sample indicates mostly light hydrocarbon and implies oil and gas, S2 = hydrocarbon cracking from kerogen or
remaining hydrocarbon potential, S3 = carbon dioxide (CO2) released from pyrolyzed organic matter, Tmax = maximum temperature of S2 peak, HI =
hydrogen index [(S2/TOC) x100], OI = oxygen index [(S3/TOC) x100], and PI = production index [S1/(S1+S2)].

Sample no. A1 A2 A3 A4 B1 B2 B3

Classification Carbonate
mudstone

Carbonate-
siliceous
mudstone

Coaly
mudstone

Coaly
mudstone

Carbonate
mudstone

Carbonate
mudstone

Carbonate
mudstone

TOC (wt%) 2.1 0.91 18.41 20.17 1.39 1.6 1.75

EOM (ppm) 160 120 2,939 4127 100 196 120

S1 (mg HC/g rock) 0.03 0.04 0.03 0.05 0.03 0.03 0.03

S2 (mg HC/g rock) 0.23 0.12 8.34 6.7 0.12 0.13 0.1

S3 (mg HC/g rock) 0.03 0.01 0.32 0.27 0.06 0.06 0.07

Tmax 580 580 527 525 594 598 592

HI 11 13 45 33 9 8 6

OI 23 40 4 2 81 52 67

PI 0.12 0.25 0 0.01 0.2 0.19 0.23

FIGURE 6
(A) Total organic carbon (TOC) and extractable organic matter (EOM) cross-plot showing the hydrocarbon generation potential of the samples.
(B) Cross-plot of TOC and remaining hydrocarbon potential (S2) showing the hydrocarbon generating potential of the studied formations. The red
rectangle, green rectangle, and blue rectangle represent the samples from location A, while the red dot denotes the samples from location B.
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support the organic facies and organic matter types of the source

rocks in the study area (Table 3). Moreover, the amount of the

S2 was also plotted against the TOC content to evaluate the

hydrocarbon generation potential of the source rocks

(Figure 6B).

The pyrolysis S1 and S2 yields were in the range of

0.03–0.05 mg HC/g rock and 0.10–8.34 mg HC/g rock,

respectively (Table 3). The highest values were recorded in the

coaly mudstones, where the TOC values are also high (Table 3).

Generally, an S2 value lower than 4.0 mg HC/g rock indicates

source rocks with poor genetic potential, while yields greater than

4.0 are known as hydrocarbon source rocks. The cross-plot

between S2 and TOC shows that the coaly mudstones were

classified as very good hydrocarbon potential source rocks

(Figure 6B). Meanwhile, the other rock samples have fair to

very good hydrocarbon generation potential. However, Erik

(2016) suggested that if the S2 value is lower than 0.2 mg HC/

g rock, the pyrolysis data are not reliable.

4.4 Quality of organic matter (kerogen
classification)

Organic matter types can be defined by pyrolysis parameters

and TOC contents for conversion to the hydrogen index (HI) and

oxygen index (OI) contents, which can be plotted in the modified

Van-Krevelen diagram. The HI and OI values of the samples

depend on the organic matter sources and conditions during the

formation deposition. High HI content can indicate that the

organic matter was deposited under anoxic conditions, while

high OI content is usually related to oxidized organic matter

(Chenrai and Fuengfu, 2020). The relationship between HI and

OI is used to classify organic matter types or kerogen types

including kerogen type I, II, and III. In addition, when organic

matter is post-mature or has experienced microbial

biodegradation, it can turn into kerogen type IV, which has

no potential for hydrocarbon generation (Tissot and Welte,

1984).

Kerogen types of the samples from the Huai Hin Lat

Formation in this study were determined using the modified

Van–Krevelen diagram, which suggests that the organic matter of

the samples consists of type III and IV kerogens (Figure 7A).

Type IV kerogen may be derived from oxidized terrestrial plants

or reworked from other sources (Tissot and Welte, 1984), which

were strongly degraded, either during deposition or during

thermal maturation that lead to a reduction in HI values.

Thus, the TOC and S2 values of the samples were plotted to

confirm the kerogen types from the modified Van–Krevelen

diagram (Figure 7B). The coaly mudstone samples were

classified as type III kerogen, which suggests a mainly gas-

prone source rock (Figure 7B). Meanwhile, the other rock

samples were classified as type IV kerogen (Figure 7B).

The HI values from this study ranged from 6 to 45 mg/g TOC

with the highest values occurring in the coaly mudstone sample

(Table 3). The HI values suggest that the Huai Hin Lat Formation

in the study area has poor hydrocarbon generation potential

based on Peters (1986). However, HI can be reduced with

increasing maturity. Therefore, the low HI values of the

FIGURE 7
(A)Modified van Krevelen diagram of the hydrogen index and oxygen index showing the kerogen quality of the studied samples. (B) Cross-plot
of total organic carbon (TOC) and remaining hydrocarbon potential (S2) showing the quality of kerogen in the studied samples. The red rectangle,
green rectangle, and blue rectangle represent the samples from location A, while the red dot denotes the samples from location B.
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samples from this study may be partly caused by a higher level of

thermal maturity (e.g., Chenrai and Fuengfu, 2020). This is

supported by the plot between HI and Tmax (Figure 8A).

Based on the cross-plot in Figure 8A, the maturity level of the

samples in the study area currently occurs in a post-mature stage .

Meanwhile, Tmax can also be used to evaluate the maturation

level of the source rock by using a production index (PI)

parameter (Figure 8B). The cross-plot between PI and Tmax

shows that the samples are also in a post-mature stage

(Figure 8B). However, the very low PI and high Tmax from

the coaly mudstone samples indicate anomalous values in the

sample. The inconsistency between PI and Tmax values may be

due to various possibilities such as lithology, mineral

composition, uranium content, and oxidized or reworked

organic matter (Gao et al., 2019; Yang and Horsfield, 2020).

4.5 Molecular geochemistry

The organic matter type and depositional condition of the

study area is complicated because TOC and pyrolysis data are

poor, which is possibly due to strong maturation. In this study,

the organic matter type and the depositional condition were

determined using organic geochemical data such as non-

biomarker and biomarker parameters. The GC–MS method

was used to analyze the characteristics of the biomarker and

non-biomarker parameters from the aliphatic hydrocarbon

fraction (Table 4). This method can be used for the

interpretation of the organic matter type, the conditions of the

depositional environment, and thermal maturity.

Pristane (C19H40) and phytane (C20H42) are regular

isoprenoids derived from the phytol side chain of chlorophyll

molecules (Miles, 1989). The phytol can be transformed into

pristane under oxidizing conditions and/or into phytane under

reducing conditions in the depositional environment. The

pristane/phytane ratio (Pr/Ph) is used to determine the redox

condition of the depositional environment and organic matter

type (Powell, 1988; Chandra et al., 1994; Large and Gize, 1996).

However, organic matter in a non-redox condition may report a

higher Pr/Ph ratio during thermal maturity (Powell, 1988).

According to Didyk et al. (1978), the Pr/Ph ratio values lower

than 1.0 represented an anoxic condition associated with a

hypersaline or carbonate environment, while oxic condition

values higher than 3.0 indicate the prevalence of terrigenous

inputs (Peters et al., 1995; Peters et al., 2005). In addition, an

intermediate or suboxic condition ranges from 1.0 to 3.0 (Amane

and Hideki, 1998).

The average Pr/Ph ratio of the samples is 1.14 (Table 4). The

coaly mudstone samples show Pr/Ph ratios between 0.99 and 2.02

(Table 4). The other samples show lower ratios, ranging from

0.70 to 1.57 (Table 4). In addition, most carbonate mudstone

samples have Pr/Ph ratios lower than 1.0, except sample A1 from

location A with a Pr/Ph ratio of 1.57. Hence, the Pr/Ph ratios of

the samples can indicate that the carbonate mudstones were

deposited under anoxic conditions with a hypersaline

environment. In contrast, the coaly mudstones were deposited

under suboxic conditions.

From Figure 7A, the modified Van-Krevelen diagram is

seemingly unqualified for kerogen classification in the study

area due to low HI and low OI. Hence, isoprenoid/n-alkane

FIGURE 8
(A) Cross-plot of the hydrogen index and Tmax showing the type of kerogen and thermal maturity of the studied samples. (B) Cross-plot of
Tmax and production index (PI) showing thematuration of the studied samples. The red rectangle, green rectangle, and blue rectangle represent the
samples from location A, while the red dot denotes the samples from location B.
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was used for organic matter types using a pristane (Pr)/

n-C17 and phytane (Ph)/n-C18 diagram (e.g., Shanmugam,

1985; Sachse et al., 2011; Alkhafaji et al., 2015). The diagram

shows that organic matter from the studied samples of the Huai

Hin Lat Formation is originally from a transitional and algal

aquatic environment (Figure 9). Furthermore, a Pr/n-C17 and

Ph/n-C18 diagram is usually used as an indicator of organic

matter maturation and the level of biodegradation (Peters et al.,

2007). The diagram is consistent with high organic matter

content (TOC >0.5 wt%) in an anoxic to suboxic

environment, which is supported by the Pr/Ph ratios (Table 4;

Figure 9).

The regular sterane distribution can indicate organic matter

sources within sedimentary rocks and can be divided into three

groups as follows: C27, C28, and C29. C27 regular sterane

indicates a marine plankton influence, C28 regular sterane can

be formed in a freshwater lacustrine environment associated with

yeast, fungi, plankton, and algae, and C29 regular sterane

indicates higher terrestrial plants associated with brown and

green algae (Volkman, 1986). However, C29 regular sterane

can also be derived from microalgae or cyanobacteria

(Volkman and Maxwell, 1986). In addition, some C27 and

C28 regular steranes might be derived from planktonic and/or

algal freshwater inputs (Volkman and Maxwell, 1986). The

relative amounts of C27, C28, and C29 regular steranes were

converted to relative percentages and plotted in a ternary

diagram as presented in Figure 10.

In this study, a predominance of C29 regular sterane over

C28 and C27 regular steranes was clearly shown in the coaly

mudstone samples (Table 4; Figure 10). Meanwhile, other samples

included a mix of various organic matter sources. The results from

the diagram can be distinguished between samples from location A

and B. Location A is dominated by a terrestrial organic source or

higher plants, while location B is dominated by plankton from an

aquatic environment. Also, the sedimentary facies change from

siliciclastic sediments in location A to carbonate sediments in

location B. Thus, the studied section gradually changes from a

shallow (location A) to deep (location B) water environment.

TABLE 4 The geochemical results and biomarker ratios of saturated hydrocarbon of the samples from the Huai Hin Lat Formation.

Sample no. A1 A2 A3 A4 B1 B2 B3

Classification Carbonate
mudstone

Carbonate-
siliceous
mudstone

Coaly
mudstone

Coaly
mudstone

Carbonate
mudstone

Carbonate
mudstone

Carbonate
mudstone

Pristane/phytane 1.57 0.7 2.02 0.99 0.93 0.93 0.84

Pristane/n-C17 0.16 0.26 0.23 0.23 0.28 0.34 0.30

Phytane/n-C18 0.18 0.24 0.18 0.27 0.30 0.32 0.24

% C27 sterane 21.69 24.25 18.26 22.55 39.55 32.75 40.85

% C28 sterane 33.62 38.4 28.58 24.5 27.49 30.73 25.5

% C29 sterane 44.69 37.35 53.16 52.95 32.96 36.52 33.65

Ts 1575 3453 2,173 17471 5498 16822 8763

Tm 1430 3522 3173 12885 4041 11580 7786

C29 hopane 644 2,816 555 983 2,777 3829 2,560

C30 hopane 809 1886 943 953 2,388 3243 2,228

Ts/(Ts+Tm) 0.52 0.5 0.41 0.58 0.58 0.59 0.53

C29/C30 hopane 0.8 1.49 0.59 1.03 1.16 1.18 1.15

FIGURE 9
Plot of pristane/n-C17 (Pr ∕n-C17) versus phytane/n-C18 (Ph/
n-C18) for the samples from the Huai Hin Lat Formation. The red
rectangle, green rectangle, and blue rectangle represent the
samples from location A, while the red dot denotes the
samples from location B.
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Carbonate source rocks usually show a predominance of

C29-hopane (norhopane) over C30-hopane (hopane) with C29/

C30 hopane ratios above 1. In contrast, mudstone source rocks

show a predominance of C30-hopane over C29-hopane with

C29/C30 hopane ratios mostly below 1 (Alimi, 2017). The

biomarker analysis from the samples reveals that the C29/

C30 hopane ratios are generally more than 0.80, except for

coaly mudstone (A3) with a ratio of 0.59. These ratios suggest

that C29-hopane is slightly higher than C30-hopane and

indicates that carbonate source rocks predominantly occur in

the study area (Waples and Machihara 1991; Alimi, 2017).

Ts (C27 18α (H)-22,29,30-trisnorneohopanes) and Tm (C27

17α (H)-22,29,30-trisnorhopane) can be used for the thermal

maturation and lithology of the source rocks using the Ts/

(Ts+Tm) ratio (Bordenav et al., 1993). During catagenesis of

petroleum generation, Tm is less stable than Ts (Bordenav et al.,

1993). Organic source rock is mature when the values of the Ts/

(Ts+Tm) ratio are between 0.35 and 0.95 (Peters et al., 2007). In

addition, the Ts/Ts+Tm ratio may also be influenced by the

variation in lithology in which carbonate source rock is

significantly lower than mudstone source rocks (Waples and

Machihara, 1991; Bordenav et al., 1993; Peters and Moldowan,

1993; Sherifa and Reza, 2018). In this study, all samples occur in

the range of 0.41–0.59 with a mean value of 0.53, which indicates

that the organic matter is currently in a mature stage (Table 4).

The results of the Ts/(Ts+Tm) ratios in this study correspond

with the Tmax data.

5 Discussion

5.1 Shale gas exploration implications

The results of the isoprenoid ratio, isoprenoid/n-alkane, and

regular sterane suggest that the organic matter accumulated in a

mixed aquatic–terrigenous environment (Table 4; Figures 9,10).

The samples in the study area show relatively high TOC values

and are classified as type III kerogen, which suggests more gas-

prone generation. The geochemical data in this study indicates

that the samples have experienced high maturation resulting

from the complex tectonic events in the area. Nevertheless, one or

more locations in this region could meet conditions that place the

Huai Hin Lat Formation as an active source rock.

Previous hydrocarbon exploration activities in the Huai Hin

Lat Formation have primarily focused on shale source rocks

(Arsairai et al., 2016; Phujareanchaiwon et al., 2021; Arsairai

et al., 2022). However, the preliminary results of this study

indicate that the carbonate mudstones of the Huai Hin Lat

Formation are also a potential petroleum source rock. This

important finding will be beneficial for potential prospects

and exploration targets in the study area, where the known

Huai Hin Lat strata entered the peak oil window in the Late

Triassic (Kozar et al., 1992). The geochemical results of the Huai

Hin Lat source rock suggest good source rock properties, which

have a high brittleness index (Figure 5B). In terms of mineral

composition, the samples show ultra-high carbonate and quartz

FIGURE 10
Ternary diagram of relative abundance of C27, C28, and C29 regular steranes showing the sources and depositional environments of the
samples from the Huai Hin Lat Formation. The red rectangle, green rectangle, and blue rectangle represent the samples from location A, while the
red dot denotes the samples from location B.
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contents, which indicates their high fracability and good

hydraulic fracturing potential. Therefore, the carbonate

mudstone source rocks offer guidance for potential shale gas

prospects. Moreover, the biomarker parameters and depositional

environment indicators presented and discussed in this study are

also useful for future petroleum exploration in the study area.

5.2 Geological CO2 storage implications

Generally, CO2 can be captured and stored in geological

formations and structures with various trapping mechanisms

such as depleted gas reservoirs, saline aquifers, and coal bed

methane. However, enhanced oil recovery (EOR) and enhanced

gas recovery (EGR) techniques can be used to increase the rate

and volume of oil and gas recovered from conventional and

unconventional reservoirs (Khosrokhavar et al., 2014; Sherifa

and Reza, 2018; Goodman et al., 2021). These techniques

require the injection of fluid, such as water, natural gas, and

CO2, into conventional reservoirs or hydraulic fractured

reservoirs. Thus, CO2 can be stored in shale gas through

sorption onto organic matter and clay minerals with the

displacement of natural gas by injected CO2 (Metz et al.,

2005; Goodman et al., 2021). The benefits of CO2 injection

into unconventional shale reservoirs are as follows: 1) a

reduction in the cost of the injected fluid, 2) an acceleration

of the displacement rate due to higher density compared with

methane, and 3) higher sorption capacities in organic matter

compared to methane. Moreover, CO2 injection is estimated to

enhance gas production by up to 7% in the Marcellus Shale in

the United States (Godec et al., 2013). Goodman et al. (2021)

recommended methane-bearing shale with a TOC content over

2.0 wt% for good geological CO2 storage by hydraulic

fracturing.

The TOC contents of the Huai Hin Lat Formation in this

study demonstrate that the coaly mudstone samples are a suitable

geological CO2 storage area with current methane generation.

The carbonate mudstones have good TOC ranging from 1.39 to

2.1 wt% and are a secondary target due to the uncertainty of

methane generation. The relatively lower TOC content in the

carbonate mudstone samples is possibly due to the presence of

carbonate minerals and relatively high-water depth far from

organic matter sources. Moreover, the Huai Hin Lat

Formation is expected to be widely extensive and have a high

thickness due deposition in a large lake environment or an

aquatic depositional environment. Since the study area is

dominated by carbonate-siliceous mudstone and carbonate

mudstone, the geochemical reaction between the shale

reservoir and acidified water during CO2 injection needs to be

further studied.

6 Conclusion

In this study, field observations, mineralogical data, and

geochemical data from the Huai Hin Lat Formation were used

to interpret organic matter sources and depositional conditions

and environments, and shale gas play and the geological CO2

storage potential of the formation were assessed. The samples can

be classified as coaly mudstone, carbonate-siliceous mudstone,

and carbonate mudstone. The samples suggest poor to excellent

generation potential for hydrocarbon source rock with type III

kerogen. The geochemical studies indicate that the studied

samples are currently at the post-mature stage. The organic

matter is typical of higher terrestrial plants with a minor algae

input. The depositional environment indicates that the Huai Hin

Lat Formation occurs in anoxic to suboxic conditions in an

aquatic depositional environment. The mineral composition and

brittleness index of the mudstone samples suggest a good

hydraulic fracture candidate. The formation is suitable for

geological CO2 storage, which may reduce CO2 during

petroleum production and increase the production rate.
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